Respiratory infections represent a significant threat to a broad range of both human and animal populations. Each year, incidents of human influenza are estimated to cost the United States over 10 billion dollars and result in more than 200,000 hospitalizations and 36,000 deaths.[1](#bib1){ref-type="ref"} Pandemic influenza often results in the deaths of tens of millions of people worldwide. These pandemics are estimated to have direct and indirect costs over 100 billion dollars.[1](#bib1){ref-type="ref"} Influenza, however, is not the only virus to pose a serious threat. Additionally, Respiratory Syncytial Virus (RSV) is the number one cause of serious lower respiratory tract infections in infants and young children worldwide. Infection rates have been estimated as high as 50% within the first year of life with 90,000 annual US hospitalizations in children under 5 years. It has also become an increasing threat to elderly and immunocomprimised populations.[2](#bib2){ref-type="ref"} In 2003, Severe Acute Respiratory Syndrome (SARS) emerged in a global outbreak that resulted in 8000 confirmed cases with a fatality rate of 11%.[3](#bib3){ref-type="ref"} Respiratory infection is not unique to humans. For example, Porcine Reproductive and Respiratory Syndrome (PRRS), caused by the Porcine Reproductive and Respiratory Syndrome Virus (PRRSV), is one of the most economically devastating diseases affecting the swine industry worldwide. In the United States alone, the estimated cost to pork producers is around 600 million dollars annually.[4](#bib4){ref-type="ref"} New strains of respiratory viruses continue to emerge, such as the 2009 H1N1 pandemic, posing new and continual threats.

Efforts to control respiratory infection have focused on prevention through vaccine development.[1](#bib1){ref-type="ref"} However, in the case of some viruses, such as RSV, no vaccine is presently available making detection and treatment of critical importance. Treatment of respiratory viruses can include the administration of one or more antiviral compounds. During the 2003 SARS outbreak, the common antiviral ribavirin was widely distributed and in some cases used in conjunction with the protease inhibitor Kaletra. Although preliminary results suggested that the addition of Kaletra to the traditional drug treatments reduced intubation and mortality rates, it was most successful when administered early. The treatment of RSV is another example where the efficacy of the antiviral medicines available is directly related to the early detection of an infection. Because administration of medication in the early stages of infection is intimately related to the success of treatment for many respiratory viruses, the development of rapid detection methods could prove indispensible in limiting the spread and morbidity of these infectious organisms.

Classical methods for the detection of respiratory viruses are typically costly, labor intensive, and require specialized equipment and expertise. An ideal detection method is sensitive, specific, rapid, and requires the direct detection of virus, viral antigens, or viral RNA. Most of the classical methods for detection contain only one or two of these characteristics. RSV isolation in cell culture has been considered the gold standard for detection in patients. This method is labor intensive and slow, often requiring several days before a positive result can be determined.[5](#bib5){ref-type="ref"}, [6](#bib6){ref-type="ref"}, [7](#bib7){ref-type="ref"} Immunofluorescence and Enzyme‐Linked Immunosorbent Assays (ELISA) are performed more rapidly, but lack the sensitivity required for early detection.[5](#bib5){ref-type="ref"}, [6](#bib6){ref-type="ref"}, [7](#bib7){ref-type="ref"} Serological studies and Polymerase Chain Reaction (PCR) are also commonly utilized methods. Serological studies require seroconversion and consequently cannot be applied to acute infection. PCR, on the other hand, is extremely sensitive, but also sensitive to template contamination and often yield false positive results.[6](#bib6){ref-type="ref"} Although these methods have been used historically to identify respiratory infection, their limitations emphasize the important need for a diagnostic. For this, researchers have turned to new tools from the developing field of nanotechnology, particularly nanoparticles, to devise unique platforms for the detection of respiratory infection.

The field of nanotechnology capitalizes on the unique properties of nanoscale materials, ranging in size from 1 to 100 nm.[8](#bib8){ref-type="ref"} The underlying basis for such nanoscale effects is that every property of a material has a characteristic and critical length associated with it. The fundamental physics and chemistry of a material will change when the dimensions of a solid become comparable to one or more of these characteristic lengths, many of which exist at the nanometer length scale. At this scale, objects take on properties and functions that differ from those seen on the bulk scale.[8](#bib8){ref-type="ref"} Further, nanoscale materials, like nanoparticles, can tune their chemical and spectral properties by changing their size and/or shape. This ability to tune the properties of nanoscale material has been ultilized in electronic and chemical applications such as electrocatalysis, electrochemical sensor devices, and redox recognition.[8](#bib8){ref-type="ref"},[9](#bib9){ref-type="ref"} Recently, the focus has expanded to encompass a new range of biological applications. Nanoparticles, of various compositions, can be effective vehicles for drug delivery. Nanoparticles have also been used to probe the internal cellular structure and dynamics of various biological systems including the vesicular secretion of neurotransmitters and distinguishing healthy colon cells from adenocarcinoma cells.[10](#bib10){ref-type="ref"} The use of magnetic nanoparticles as Magnetic Resonance Imaging (MRI) contrast agents have also led to their use in identifying atherosclerotic lesions in cardiovascular tissue.[11](#bib11){ref-type="ref"} The development of nanoparticles to study these and other biological systems has demonstrated their versatility and functionality. In this article, we review several recent efforts aimed at the detection of respiratory infections. Each of the reviewed articles employs the unique properties of nanoparticles to develop novel methods or variations of existing techniques to enable them to specifically and sensitively detect respiratory viruses.

METAL NANOPARTICLES {#sec1-1}
===================

Metal nanoparticles have become a critical component in the development of nanotechnology‐based detection for respiratory viruses. Gold Nanoparticles (AuNPs) have garnered much of the attention in this field because of their unique physical and chemical properties. The surface of AuNPs acts as a soft metal ion that easily binds to soft ligands such as thiols. This reactivity provides an efficient strategy to readily functionalize particles with relevant biological molecules.[12](#bib12){ref-type="ref"} Another property of AuNPs is the deep‐red color seen in solutions. This is the result of the Surface Plasmon Band (SPB), a broad absorption band in the visible region between 510 and 580 nm.[13](#bib13){ref-type="ref"} Compared to the bulk gold counterpart, the SPB of AuNPs can be finely tuned because it experiences wavelength shifts based on AuNP size, shape, temperature, and the nature of functionalized ligands. This tunable property has made it the subject in extensive studies of the optical spectroscopic properties of AuNPs. The ligand shell of AuNPs alters the refractive index causing either a red or blue shift, allowing SPB shifts to be used to assess the extent of ligand functionalization or target binding.[13](#bib13){ref-type="ref"} AuNPs also possess the inherent ability to act as a fluorescence quencher because of nonradiative energy transfer from the fluorescence dye to the metal surface.[14](#bib14){ref-type="ref"},[15](#bib15){ref-type="ref"} In the case of chromophore--AuNP composites, the quenching efficiency of AuNPs outperforms that of most organic acceptors. The dominating design factor affecting the efficiency of quenching by the AuNP is the distance between surface of the AuNP and the chromophore.[14](#bib14){ref-type="ref"} In cases where the chromophore is separated from the AuNP by a bulky spacer, such as antibiodies or carbon‐based linker molecules, there is a decrease in quenching that corresponds to the increasing distance between the AuNP surface and the chromophore.[14](#bib14){ref-type="ref"} Each of these properties makes AuNPs interesting platforms for the development of respiratory infection diagnostics.

Antibody Functionalized AuNPs for the FRET‐Based Detection of PRRSV {#sec2-1}
-------------------------------------------------------------------

The ability of the surface of AuNPs to be functionalized with biological molecules for molecular recognition has lead to the development of new tools for the detection of respiratory infection. This has been especially true for systems which allow the AuNP to act as an acceptor molecule in Förster Resonance Energy Transfer (FRET) pairs. FRET pairs have been used to study a variety of biological systems including protein--protein associations, DNA hybridization, and protein conformational change.[16](#bib16){ref-type="ref"},[17](#bib17){ref-type="ref"} However, when paired with traditional organic fluorophores, the incorporation of nanophotonic molecules such as AuNPs yields advantages over traditional organic acceptor molecules. The AuNP is a highly effective fluorescence quencher molecule as the result of a high Stern--Volmer quenching coefficient, leading to subpicomolar analyte detection.[18](#bib18){ref-type="ref"} The AuNP can also dramatically reduce the fluorescence lifetime of fluorescence dyes. Previous research has shown that AuNPs with diameters of 1, 15, or 30 nm can decrease the fluorescence lifetime of a fluorophore by up to 90%. Thus, a FRET immunosensor has been developed by Grant et al. to detect the presence of PRRSV.[18](#bib18){ref-type="ref"},[19](#bib19){ref-type="ref"} In this sensor, the donor fluorophore, Alexa Fluor 546 (AF546), is conjugated to a PRRSV antibody (SDOW17) and protein A is conjugated to 20 nm AuNPs. The two constructs are then incubated to form the intact fluorescence bioprobe. In the presence of the PRRSV, the antibody binds the virus and undergoes a conformational change, resulting in a decreased distance between the fluorophore and the AuNP. The fluorophore is then in close enough proximity to the surface of the AuNP that it is quenched (Figure [1](#fig1){ref-type="fig"}a). In the presence of PRRSV, the AuNP conjugated FRET pairs were substantially more sensitive than similar constructs formed using traditional organic acceptor molecules. Concentration--response curves, obtained by plotting the average biosensor response (fluorescence intensity) against PRRSV concentrations ranging from 0 to 60 particles/µl, revealed a limit of detection of 1741 particles/ml. The specificity of this FRET immunosensor was also explored by exposing the AuNP construct to varying concentrations of both PRRSV and Bovine Serum Albumin (BSA). In the presence of PRRSV, the AuNP sensor had a notable response that was not seen in the presence of BSA (Figure [1](#fig1){ref-type="fig"}b). These studies highlight the sensor\'s robustness against commonly encountered contaminants.[18](#bib18){ref-type="ref"},[19](#bib19){ref-type="ref"} By utilizing the advantages offered by AuNP, a rapid, specific, and sensitive FRET platform was developed for the detection of PRRSV.[18](#bib18){ref-type="ref"},[19](#bib19){ref-type="ref"}

![(a) Schematic depicting gold nanoparticles (AuNP)‐based biosensor. Fluorescence labeling is followed by assembly of the biosensor complex via binding of protein A to capture antibody. Antigen binding causes conformational change in the antibody, leading to a detectable Förster resonance energy transfer response. (b) AuNP biosensor specificity is demonstrated by comparing response of porcine reproductive and respiratory syndrome virus sample to a control well and the nonspecific antigen bovine serum albumin (BSA). Negligible response to the BSA by AuNP biosensor indicates minimal nonspecific binding.[18](#bib18){ref-type="ref"}.](WNAN-2-277-g001){#fig1}

Molecular Beacon Functionalized Au and Ag Nanowires for the Detection of SARS {#sec2-2}
-----------------------------------------------------------------------------

A number of oligonucleotide platforms have been explored for virus detection. Molecular Beacons (MBs) are looped strands of DNA which form a hairpin structure with a fluorophore located on one terminus and a fluorescence quencher at the other.[20](#bib20){ref-type="ref"} This platform is similar to the fluorophore/quencher scheme seen in FRET assays. The MB has two major regions, the stem region which holds the MB in its signature hairpin structure, and the loop region which is complement to a specific target strand of DNA or RNA. When in the closed 'dark' state, the MB\'s hairpin structure holds the two termini in close proximity inducing quenching of the fluorophore. However, in the presence of the target strand, the hairpin is opened to the extended conformation sufficiently separating the two termini to overcome quenching. By inducing this open 'bright' state, an increase in fluorescence corresponds to the presence of the target sequence (Figure [2](#fig2){ref-type="fig"}a).[21](#bib21){ref-type="ref"} This construct has been employed successfully in the real‐time recognition of DNA in solution, including the detection of pathogens and single nucleotide polymorphisms.[21](#bib21){ref-type="ref"},[22](#bib22){ref-type="ref"} The application of MB to multiplexed detection has been limited by the number of spectrally distinct fluorophores available. Recent attempts to overcome this limitation have focused on using encoded nanoscale substrates to immobilize MBs. The efforts of Sha et al. employ a new approach for the multiplex of MBs based on the use of striped, encoded gold and silver nanowires as quenchers.[23](#bib23){ref-type="ref"} By attaching the MB hairpin to the metal surface with one terminus, this construct capitalizes on the previously discussed quenching properties of the gold and silver surfaces. The hairpin structure forces the fluorophore near the metal surface, subjecting it to metal‐induced quenching and alleviating the need for an organic quencher dye (Figure [2](#fig2){ref-type="fig"}a). To achieve multiplexing capabilities, these functionalized gold and silver nanowires are combined into a nanostructure resembling a barcode.[23](#bib23){ref-type="ref"}

![(a) Schematic of Au/Ag nanowire detection system. (b) Representative results from a 5‐plexed virus detection experiment. Each specific nanowire can be identified based on its reflectivity under illumination with 400 nm light (top). The fluorescence of a wire whose complement antigen is present will be high compared to the other wires (bottom).[23](#bib23){ref-type="ref"}.](WNAN-2-277-g002){#fig2}

Nanobarcodes are submicron sized metallic nanowires that contain regions of silver and gold fabricated by electrolplating of the inert metals sequentially into alumina templates. When the template is dissolved, striped nanowires are left behind. It is possible to distinguish the gold and silver sections of the nanowires by evaluating the reflectivity of the regions when illuminated with blue light (400 nm).[23](#bib23){ref-type="ref"} When viewed with a microscope, this gives the nanowires a striped appearance. By changing the order of the stripes on nanowires, a library of encoded wires is generated to which biomolecules, including nucleic acids and proteins, can be conjugated. Multiplexed fluorescence‐based assays can be performed by using a fluorescence microscope to simultaneously monitor the reflectivity measurements at 400 nm (to identify the library member) and the optimum fluorescence emissions wavelength (to define the quantitative assay result).[23](#bib23){ref-type="ref"} By applying a binary system to the idenfication of the nanowires where a silver section is defined as a 1 and a gold section as a 0, it was possible to label specific nanowires as indicators for each virus. For example, the nanowire with the label 101010, indicating alternating silver and gold sections, was functionalized with MBs that contained a DNA loop region complement to an SARS genome sequence for a nonstructural polyprotein region. A positive fluorescence signal of this particular nanowire would indicate the presence of the SARS virus. Consequently, several different nanowires can be functionalized for different viruses for the simultaneous detection of multiple analytes such as SARS, Hepatitis a Virus (HAV), Hepatitis C Virus (HCV), West Nile Virus (WNV), and Human Immune Deficiency Virus (HIV). In such a case, oligonucleotides were designed that were complement to the target sequence and contain a self‐complementary stem of 10 bases. These probes were also functionalized with a universal fluorescence TAMRA dye at the 3′ end and a thiol at the 5′ end. The oligonucleotides were conjugated to the metal nanowire through the 5′ thiol, with each nanowire library member being functionalized by an oligonucleotide sequence targeting a specific virus. In the presence of one or more analytes, the complement MB will open giving off a fluorescence signal. In this manner, one nanowire will fire for each analyte present. Decoding of the nanoware striping pattern then indicates which DNA sequence(s) is present (Figure [2](#fig2){ref-type="fig"}b).[23](#bib23){ref-type="ref"}

The detection of individual analytes by this 5‐plexed system was demonstrated using synthetic target strands for each virus in several formats.[23](#bib23){ref-type="ref"} Experiments were performed in which each target was added individually and detected, or all five targets were pooled and added simultaneously. The results were controlled with experiments examining noncomplementary target and 'no target' samples. In all scenarios, the correct target was easily detected in the five nanowire experiment regardless of the order in which the target was added. By contrast, the noncomplement target and no target control samples yielded negligible signal (Figure [3](#fig3){ref-type="fig"}). These experiments successfully demonstrated a proof of concept for a novel, multiplexed, pathogen detection assay by putting a new twist on the traditional MB construct by combining it with the use of metal‐encoded nanoparticles.[23](#bib23){ref-type="ref"}

![A 5‐plex assay using oligonucleotide targets. The experiment was performed in triplicate and the signals from the noncomplementary target negative control was used to perform a background subtraction. FMI refers to fluorescence mean intensity (arbitrary units). HIV, human immunodeficiency virus (white bars); SARS, severe acute respiratory syndrome (black bars); HAV, hepatitis A virus (gray bars); WNV, West Nile virus (horizontal lines); HCV, hepatitis C virus (diagonal lines).[23](#bib23){ref-type="ref"}.](WNAN-2-277-g003){#fig3}

Immobilized AuNP Genosensor for the Detection of the SARS Virus {#sec2-3}
---------------------------------------------------------------

Although the functionalization properties of AuNPs offer much utility, they possess other properties which have been utilized for the development of sensors for respiratory infections. The metallic nature of AuNPs makes them ideal for electrochemical detection applications. AuNPs have efficient conducting interfaces with electrocatalytic ability and high surface‐to‐volume ratios that make them useful electrode materials.[24](#bib24){ref-type="ref"} Costa‐Garcia et al. combined AuNP‐based amplification scheme with the electrochemical detection of DNA using enzymatic labels for the detection specific to the sequence of DNA from the SARS virus (Figure [4](#fig4){ref-type="fig"}a).[25](#bib25){ref-type="ref"} AuNPs, immobilized on a screen‐printed carbon electrode, served as electrochemical transducers. A probe sequence, complement to the target SARS sequence, is directly conjugated to the AuNPs through a thiol linkage. The target SARS sequence, which will bind to the probe sequence, is biotinylated. This allows the enzymatic label, alkaline phosphatase, to be conjugated to the target sequence through streptavidin--biotin affinity interactions. After excess antigen and streptavidin--alkaline phosphatase are removed by washing, the alkaline phosphatase substrate is added. Alkaline phosphatase catalyzes the dephosphorylation of 3‐indoxyl phosphate to an indoxyl intermediate, an electrochemically active analyte.[26](#bib26){ref-type="ref"} After dephosphorylation by alkaline phosphatase, the indoxyl intermediate is able to reduce silver ions in solution resulting in indigo blue and metallic silver. The deposition of metallic silver is measured by anodic stripping voltammetry.[25](#bib25){ref-type="ref"}

![(a) Schematic representation of the genosensor device. (b) Analytical signals obtained for 50 pM of biotinylated target with 25% formamide (to apply stringency conditions) using the genosensor to discriminate between target DNA, 1‐base mismatch, 2‐base mismatch, and 3‐base mismatch. The decrease in signal as a function of degree of mismatch indicates high specificity for the genosensor device.[25](#bib25){ref-type="ref"}.](WNAN-2-277-g004){#fig4}

A 30‐mer oligonucleotide sequence was designed for the detection of the SARS virus which corresponds to the gene for a short lysine‐rich region of the nucleocapsid protein that appears to be unique to SARS.[25](#bib25){ref-type="ref"} The detection limit for the SARS target strand was 4.6 pM at a 3σ threshold of the standard deviation of the intercept. The advantages of the AuNP surface were evident when compared to a similar platform prepared with a bulk gold surface. The bulk gold electrode, constructed of gold paste cured at low temperatures, had a limit of detection of 60 pM.[25](#bib25){ref-type="ref"} The 10‐fold increased sensitivity of the nanoparticle electrode over the bulk gold surface was the result of the high surface‐to‐volume ratio found with the nanostructured surface of the particles. The selectivity of this device was also explored by comparing the signal in the presence of the target sequence with signal in the presence of 1‐, 2‐, and 3‐base mismatch sequences.[25](#bib25){ref-type="ref"} Under high stringency conditions, each of the four different strands showed distinct signals that correlated to the degree of mismatch in the target strand (Figure [4](#fig4){ref-type="fig"}b). The unique AuNP‐based design yielded an instrument for the detection of an SARS virus specific DNA sequence that was 10 times more sensitive than non‐nanostructured corollaries and was selective enough to distinguish the target sequences from DNA strands with a single mismatched base.[25](#bib25){ref-type="ref"}

QUANTUM DOTS {#sec1-2}
============

Quantum Dots (QDs) are nanometer sized crystalline clusters (1--10 nm) made from a variety of semiconductor materials. QDs are characterized by large absorption spectra, but narrow and very symmetric emission bands with full widths at half maximum of 25--35 nm.[27](#bib27){ref-type="ref"} The emission bands can span the spectrum from the ultraviolet to the infrared (365--1350 nm) depending upon the size of the dot. These materials typically have a large absorption cross section and long fluorescence lifetimes (\>10 ns).[28](#bib28){ref-type="ref"} Furthermore, they possess a photostability orders of magnitude greater than conventional organic fluorophores. Given their advantages relative to organic fluorophores, QDs have emerged as a new class of fluorescence probes for biological applications.[27](#bib27){ref-type="ref"} The broadband adsorption and narrow, symmetrical, and size‐tunable emission bands of QDs facilitate their use for multiplexed detection of signals. The important consequence of this broad absorption is that one wavelength of light can excite multiple QDs, each with different emission maxima. Highly robust commercial preparations of CdSe/ZnS QDs, emitting in the visible spectrum, match the detection range of many typical imaging devices.[29](#bib29){ref-type="ref"} Further, with the elimination of many chromatic aberration and alignment issues encountered with standard fluorescence microscopy, colocalization studies are possible. Consequently, QDs have been used in a number of biological applications including studies of protein trafficking, DNA detection, and dynamic studies of cell motility. Only recently, however, QDs have been used for the detection or imaging of respiratory viruses.

Streptavidin and Antibody Functionalized QDs for the Detection of RSV {#sec2-4}
---------------------------------------------------------------------

Improved water solubility of QDs has lead to the development of bioconjugates that allow for specific targeting and/or signal enhancement in biological applications.[30](#bib30){ref-type="ref"} Two of the most promising of these bioconjugates have been used for the detection of RSV, streptavidin conjugation, and antibody conjugation.[31](#bib31){ref-type="ref"} Streptavidin--biotin affinity interactions are commonly used in the labeling of a specific biological target with a detectable marker. For the detection of RSV, this interaction was used to label the F and G viral proteins with QDs. The fusion (F) and attachment (G) proteins of RSV are ideal antigenic markers as they are incorporated into the surface of the infected host cell, and the magnitude of these markers is amplified as a function of time because of viral replication.[31](#bib31){ref-type="ref"} By monitoring the appearance and amplification of these markers, QDs were used to detect and monitor RSV infection. Bentzen et al. labeled infected HEp‐2 cells with antibodies specific to the F and G proteins. For the specific identification of the F protein, an antibody mixture of two purified F protein specific mouse monoclonal antibodies was used to label the F protein. This primary antibody was then labeled by a biotinylated secondary antibody (polyclonal goat anti‐mouse). This primary/secondary antibody combination leaves an available biotin molecule. Incubation with streptavidin functionalized QDs resulted in specific labeling of the target (Figure [5](#fig5){ref-type="fig"}).[31](#bib31){ref-type="ref"} A similar protocol was used to label the G protein. With the use of two different colored QDs, it was possible to label both the F and G proteins simultaneously (Figure [6](#fig6){ref-type="fig"}a).[31](#bib31){ref-type="ref"} Both proteins were found to be predominantly located on the surface of the infected cells with significant colocalization of both proteins. The use of QDs allowed the detection of F protein as early as 1 h after infection and uniformly evident 24 h after infection (Figure [6](#fig6){ref-type="fig"}b). At 24 h, it was determined that the limit of detection was 35--50 pfu. These results were compared to antibodies conjugated to Fluorescein Isothiocyanate (FITC), an organic fluorophore.[31](#bib31){ref-type="ref"} The FITC conjugated antibodies could not detect F protein at time points earlier than 24 h and while it could detect the protein at later time points, it required exposures 46 times that of the QD labeled cells for clear imaging and were almost completely photodegraded within 15 min. This clearly demonstrated the improved sensitivity and durability of the use of QDs in this assay as compared to conventional organic dyes.[31](#bib31){ref-type="ref"}

![Streptavidin‐based antibody labeling scheme for respiratory syncytial virus F protein and G protein.[31](#bib31){ref-type="ref"}.](WNAN-2-277-g005){#fig5}

![(a) Confocal images showing the sucessful labeling of the F protein[32](#bib32){ref-type="ref"} and G protein[18](#bib18){ref-type="ref"} in respiratory syncytial virus (RSV)‐infected Hep‐2 cells using quantum dots (QDs). The dual labeled sample showed areas of colocalization[33](#bib33){ref-type="ref"} between the two proteins, and analysis of the orthogonal slices XZ[2](#bib2){ref-type="ref"} and YZ[23](#bib23){ref-type="ref"} suggest the proteins are predominately located at the surface of the cells. (b) Fluorescence images of the F protein labeled with QDs at 1 h (1:1), 24 h (2:1), 48 h (3:1), 72 h (4:1), and 96 h (5:1) after infection. The G protein fluorescence can also be seen after subsequent labeling of the same infected monolayer at each time point (1:2--5:2).[31](#bib31){ref-type="ref"}.](WNAN-2-277-g006){#fig6}

Although the use of the biotin--streptavidin affinity interactions has proven useful because of the commercial availability of streptavidin functionalized QDs, efforts have been made to remove the secondary labeling step by conjugating target specific antibodies directly to QDs.[34](#bib34){ref-type="ref"} By reducing the labeling process to a single‐step format, this new method has the potential to improve virus detection time, save costs, and reduce background staining that is associated with a multistep process. Tripp et al. have applied this single‐step method to the detection of RSV through the conjugation of an F protein specific monoclonal antibody to a Cadmium Telluride (CdTe) QD.[34](#bib34){ref-type="ref"} To facilitate the conjugation of the antibody to the CdTe QD, the QDs were synthesized with a thioglycolate coating to allow direct conjugation via an EDC/Sulfo‐NHS conjugation reaction. The anti‐F conjugated QDs were then used to explore their specificity and sensitivity both *in vitro* and *in vivo* using Vero cells and female BALB mice, respectively. *In vitro*, there was no significant background signal seen in uninfected control samples.[34](#bib34){ref-type="ref"} By contrast, the RSV‐infected cells showed distinct fluorescence signal because of F protein labeling. This single‐step process was analyzed as potentially reducing the time necessary to quantitate virus titers by plaque assays. It was found that the anti‐F conjugated QDs could detect RSV plaques several days earlier than traditional immunostaining methods (Figure [7](#fig7){ref-type="fig"}).[34](#bib34){ref-type="ref"} To evaluate the efficacy of the anti‐F conjugated QDs to detect RSV infection *in vivo*, BALB/c mice were infected with 10^6^ pfu RSV and at 4 days postinfection, intravenously administered the anti‐F QDs. Five days postinfection, the lungs of the mice were removed, frozen and imaged by fluorescence microscopy. Uninfected control mice were treated with anti‐F QDs and similarly harvested and imaged. The lungs of both RSV‐infected and uninfected mice which had not been treated with the anti‐F QDs were removed and labeled by traditional Immunohistochemistry (IHC) methods for comparison. The mice which had been treated with anti‐F QDs provided clear and rapid detection of the RSV‐infected lung tissue with very limited background staining when compared to the uninfected controls (Figure [8](#fig8){ref-type="fig"}). Importantly, the staining with the anti‐F QDs was similar in magnitude and location along the epithelial cells of the alveoli to traditional IHC methods (Figure [8](#fig8){ref-type="fig"}).[34](#bib34){ref-type="ref"} This preliminary data demonstrate the potential for antibody conjugated QDs to be useful in the determination of the progression of lung infections such as RSV within the limits of the animal model. Further, the development of a single‐step detection methods based on the direct conjugation of antibodies to QDs can effectively detect RSV infection earlier than the conventional methods used for respiratory infection detection.[34](#bib34){ref-type="ref"}

![The viral titer of RSV‐infected Vero cells was determined at 3 days postinfection (a) and 5 days postinfection (b) using both conventional immunostaining techniques and the anti‐F QDs. The anti‐F QD labels samples were able to detect infection at 3 days while traditional staining was not. By 5 days however, both methods were able to detect similar degrees of infection. Circles represent the respiratory syncytial virus‐nanoparticle (RSV‐NP) label and triangles represent the conventional label.[34](#bib34){ref-type="ref"}.](WNAN-2-277-g007){#fig7}

![Anti‐F quantum dots (QDs) detection of infected lung tissue from respiratory syncytial virus (RSV)‐infected BALB/c mice (a) compared to uninfected control mice (b). When compared to conventional immunohistochemistry (IHC) staining, the RSV‐infected lungs gave similar regions of positive signal (c) and the background was less than what was seen of the IHC of uninfected control samples (d).[34](#bib34){ref-type="ref"}.](WNAN-2-277-g008){#fig8}

Antibody Functionalized QDs for FRET‐Based Detection of PRRSV {#sec2-5}
-------------------------------------------------------------

QDs have been used in FRET‐based technology for the detection of respiratory viruses. These FRET‐based assays employ QDs as the acceptor molecule and rely on both donor fluorescence quenching and the resulting appearance of QD fluorescence.[18](#bib18){ref-type="ref"} This is similar to traditional two‐fluorophore construct where the secondary fluorescence signal is the result of the excitation of the acceptor molecule. The FRET‐based QD system contains a PRRSV specific antibody conjugated directly to the QD. This PRRSV antibody has been functionalized with a traditional organic fluorophore (AF546) prior to conjugation to the QD; this organic fluorophore will act as the donor molecule and the QD will act as the acceptor molecule.[18](#bib18){ref-type="ref"} When the PRRSV antibody binds to its receptor protein, the excited AF546 will emit a photon which will excite the QD resulting in a decrease in AF546 fluorescence and a corresponding increase in QD fluorescence (Figure [9](#fig9){ref-type="fig"}).[18](#bib18){ref-type="ref"} This construct is similar to the antibody functionalized AuNPs discussed earlier. The primary difference between the two systems is the type of fluorescence change monitored. In the antibody functionalized AuNPs, fluorescence quenching represents a positive signal; in the antibody functionalized QD, a shift in the emission maximum of the fluorescence signal is considered a positive readout. The use of different fluorescence reporting output (QDs vs. AuNP induced quenching) explains the two systems\' different sensitivities. Stringer et al. found that with this method, the limit of detection for the PRRSV antibody was 1409 particles/ml, slightly more sensitive than the parallel method developed with AuNP. When the selectivity of the QD biosensor was explored, it was found that the QD system not only gave a strong signal in the presence of PRRSV, but also in the presence of the blocking agent BSA. This nonspecific response can be, in part, attributed to the instability of the QD hydrophilic coating in water.[18](#bib18){ref-type="ref"} Because QDs are intrinsically insoluble in water and must be functionalized for aqueous solubility, it has been assumed that the introduction and nonspecific absorption of a protein to the QD surface can alter the solubilization layer changing the apparent quantum yield. Currently, this process is poorly understood. Although the sensitivity of the QD biosensor probes was higher, it had poor selectivity compared to the AuNP biosensor.[18](#bib18){ref-type="ref"}

![Fluorescence spectra for the quantum dot (QD) biosensor, where Förster resonance energy transfer (FRET) response is indicated by increasing acceptor fluorescence, with porcine reproductive and respiratory syndrome virus (PRRSV) antigen concentrations ranging from 0 to 60 particles/µl.[18](#bib18){ref-type="ref"}.](WNAN-2-277-g009){#fig9}

COMBINATION METHODS USING NANOPARTICLES {#sec1-3}
=======================================

The use of nanoparticles for the detection of respiratory viruses has not been exclusively devoted to the development of new platforms. Nanoparticles have also been used to expand the capabilities of traditional virus detection techniques. The use of PCR to detect the SARS virus has been employed with relative success; however, the technique has distinct disadvantages. False positive or false negative results can occur when contamination of related organisms with genetic sequences similar to that of the target organism appear. Conventional PCR product detection typically uses electrophoresis on agarose gels, which are subject to toxic hazards, lack of specificity, poor sensitivity, and subjective reading results.[35](#bib35){ref-type="ref"}, [36](#bib36){ref-type="ref"}, [37](#bib37){ref-type="ref"} The development of new techniques, apparatuses, and the addition of new materials to the PCR system attempt to circumvent these drawbacks.[38](#bib38){ref-type="ref"} Nanoscale materials have been introduced to the PCR procedure to increase selectivity.[24](#bib24){ref-type="ref"} The high surface‐to‐volume ratio allows them to be functionalized to enrich the target DNA within samples and decrease false signal from contamination.[24](#bib24){ref-type="ref"} Highly selective nanoparticle PCR strategies utilizing AuNPs have been documented and reviewed elsewhere.[39](#bib39){ref-type="ref"} Superparamagnetic nanoparticles have also been used to specifically detect HCV by PCR‐ELISA.[40](#bib40){ref-type="ref"} Recently, this PCR enhancement technique has been developed for the detection of respiratory viruses, specifically SARS.

Nanoparticle‐Enhanced PCR for the Detection of SARS {#sec2-6}
---------------------------------------------------

The combination of functionalized nanoparticles and a PCR‐based assay has been developed for the sensitive and specific detection of the SARS virus. Gong et al. have developed an assay that employs the use of two types of nanoparticles, silica coated Superparamagnetic Nanoparticles (SMNPs) and Silica Coated Fluorescence Nanoparticles (SFNPs).[38](#bib38){ref-type="ref"} Each of these plays a specific role which when combined increases the specificity and sensitivity of PCR. SMNPs are used to increase the specificity of PCR.[38](#bib38){ref-type="ref"} The addition of the SMNPs is used to extract and enrich the target DNA from the sample. This helps to reduce the false positives reaction that is often a result of inhomogenous DNA in a sample. SMNPs are coupled to a probe complement to the target cDNA, allowing them to bind the target. The particles enriched in target cDNA are removed from the bulk sample solution when a magnetic force is applied. Figure [10](#fig10){ref-type="fig"}a shows the enriched target which is then amplified through PCR amplification scheme and again isolated from the PCR products by binding with the SMNPs. Prior to PCR amplification, gel electrophoresis of both the original sample and post‐SMNP sample was used to assess the ability of the SMNPs to remove target cDNA. The original sample contained two bands, corresponding to the target cDNA and the negative control cDNA. The sample extracted with SMNPs only showed one band corresponding to the target cDNA (Figure [10](#fig10){ref-type="fig"}b).[38](#bib38){ref-type="ref"}

![(a) Schematic illustration for severe acute respiratory syndrome (SARS) gene detection by the combination of functionalized nanoparticles and polymerase chain reaction (PCR)‐based assay. (b) The agarose gel electrophoresis for PCR products. Lane M, marker; Lane A, PCR products before treatment with superparamagnetic nanoparticles (SMNPs); Lane B, PCR products after treatment with SMNPs.[38](#bib38){ref-type="ref"}.](WNAN-2-277-g010){#fig10}

After amplification using the SMNP enriched sample, the target cDNA was detected using SFNPs as signaling probes. The target cDNA product was hybridized with a short complementary sequence to the end of the target cDNA which was attached to an agarose microbead. This immobilized the target cDNA on the agarose microbeads. The SFNPs were functionalized with a probe oligonucleotide which allows it to hybridize with the immobilized cDNA (Figure [10](#fig10){ref-type="fig"}a). The fluorescence intensity of the SFNP was then used to signal the presence of the PCR target. When the SFNP method was used to detect PCR products, the limit of detection was 2.0 × 10^3^ copies/ml. Compared to gel‐based detection methods, SFNP‐based detection provided an increase in sensitivity of an order of magnitude. This method also eliminated the need for hazardous stains such as ethinium bromide. Together, SMNPs were shown to enhance the specificity of the PCR amplification step while the excellent optical properties of the SFNPs increased the sensitivity of detection.

CONCLUSION {#sec1-4}
==========

As a result of the threat that emerging respiratory viruses hold, efforts to develop new and improved detection methods have become a subject of intense focus. A recently published study highlighted the challenge by demonstrating that many rapid tests are ineffective at detecting the swine flu (novel H1N1 virus).[41](#bib41){ref-type="ref"} Indeed, the results were so startling that the Centers for Disease Control and Prevention (CDC) updated guidance urging doctors to be cautious in relying on current rapid tests. Nanoparticles have been employed as a tool to overcome many of the limitations of traditional methods. The unique properties of nanoparticles have given them advantages over the typically costly and laborious conventional methods. The ability to be easily functionalized and the fluorescence quenching properties of gold and silver nanoparticles have led to the development of antibody conjugated AuNPs for the detection of PRRSV as well as gold and silver nanobarcodes for multiplexed virus detection. The nanobarcode technology has an advantage over the other detection methods developed here because of the inherent multiplexing capabilities of the system. In particular, the fact that the multiplexing capabilities of this sytem does not depend on the presence of a variety of different fluorescence dyes allows it to be resistant to many of the difficulties of multiplexing found in multicolor systems. However, as with any system that uses traditional organic fluorophores, the risk of photobleaching could lead to a decrease in sensitivity and false negative results.

The fluorescence characteristics of QDs, with broad excitation bands and discrete emissions bands, have resulted in the development of improved FRET‐based detection schemes as well as enhancing antibody‐based immunofluorescence methods. QDs offer an advantage over traditional organic fluorescence dyes because of their resistance to photobleaching, their broad excitation ranges, and their sharp emission spectra. The use of QDs would be particularly advantageous in the use of more than one fluorescence label at a time because the sharp emission spectra minimize signal overlap. Although these unique fluorescence properties of QDs make them a good alternative to traditional organic fluorescence dyes, they have their limitations. The most important limitation is their size. Because of the large size of QDs compared to organic fluorescence dyes, their use in detecting intracellular markers is limited unless extensive fixation and permeabilization techniques are used in conjunction with antibody labeling. However, as respiratory viruses present surface proteins that can be used as antigenic markers, this limitation can be overcome in viral detection with the chose of the right target protein. Thus, the use of QDs in detection technology holds a greater potential than those that continue to employ traditional organic fluorescence dyes.

Although a significant focus on the use of nanoparticles has been to develop novel detection methods, NPs have also been used to improve and expand existing detection methods. The addition of superparamagnetic nanoparticles to a PCR assay was able to increase its specificity during the amplification process and improve PCR product detection through the use of fluorescence nanoparticles. While these methods improve one of the major drawbacks of PCR, which is the specificity of the techniques, they do not address many of the other disadvantages of the PCR system. In particular, the costly and labor intensive aspects of performing PCR cannot be circumvented by the addition of NPs to the PCR system. As a result, despite the NP‐based improvements, the entire PCR system is still limited in its large‐scale applicability. Every approach reviewed in this article has demonstrated the power of nanoparticle technology to enhance the sensitivity and specificity of viral diagnostics. However, as with any new technology, each of these diagnotistic tools is still marked by limitations which open the door for continual efforts to develop the ideal viral detection method.
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